A review of the research on infant vagal tone suggests that vagal activity is associated with both infant growth and infant socioemotional development. Vagal activity has been noted to increase following the stimulation of pressure receptors as in massage therapy. Vagal activity, in turn, stimulates gastric motility which mediates weight gain in infants. Vagal activity has also been notably elevated during synchronous mother-infant interactions and positive affect, providing confirmatory data for the Porges "social engagement system" model. In contrast, low vagal activity has been noted in prenatally depressed mothers (and prenatally angry and anxious mothers) and their infants, as well as in children with autism. These studies highlight the relations between vagal activity and the social behaviors of attentiveness, facial expressions and vocalizations.
The primary theme of this review paper is that baseline vagal activity may be considered a stable physiological state just as expressivity has been considered a primary behavior component of individual infant temperament. Secondly, low baseline vagal activity appears to be a marker of infant risk conditions such as prematurity and depression. Third, vagal stimulation in the form of therapies like massage may increase vagal activity, which then may partially mediate increased expressivity, growth and development.
Infant growth and development
Several studies have documented a relationship between vagal activity and infant development. Baseline vagal activity in preterm and full term infants is positively correlated with age, paralleling the normal maturation of the autonomic nervous system (Longin, Gerstner, Schaible, Lenz & Konig, 2006; Sahni, Schulze, Kashyap, Ohira-Kist, Fifer, Myers, 2000) . Similarly, infant vagal activity is associated with the degree of maturation and integrity of the autonomic nervous system. For example preterm infants exhibit lower baseline vagal activity than full term infants, and infants who exhibit lower levels of baseline vagal activity are more likely to also exhibit less optimal neurodevelopmental outcomes (DiPietro, Caughy, Cusson & Fox, 1994; Doussard-Roosevelt, Porges, Scanlon, Alemi, & Scanlon, 1997; Fox & Porges, 1985; Porges, 1995) .
Low vagal activity in preterm infants
Vagal regulation of heart rate has been used as a predictor of outcomes for risk infants including very low birthweight preterm infants. Vagal activity and maturational shifts in vagal activity between 33 and 35 weeks gestational age were recorded in a study on very low birthweight infants (Doussard-Roosevelt et al., 1997) . These vagal activity measures predicted 3-year outcomes beyond the effects of birthweight, medical risks and socioeconomic status. Higher vagal activity was associated with better social skills, whereas greater vagal activity maturation was associated with better mental processing and gross-motor skills. When the sample was divided into those with birthweights of less than 1000 g versus those with birthweights greater than 1000 g, vagal activity maturation emerged as a strong predictor of mental processing, knowledge base and gross-motor skills in the less than 1000 g group. In a 6-9-year follow-up of a sub-sample of this very low birthweight infant group, neonatal risk measures were not related to school-age outcome measures, although vagal maturation was correlated with social competence, as measured by the child behavior checklist (Doussard-Roosevelt, McClenny, & Porges, 2001) .
A similar assessment of very early vagal activity has also been conducted with low-risk fetuses between 36 and 40 weeks gestation (Groome, Loizou, Holland, Smith, & Hoff, 1999) . The authors used respiratory sinus arrhythmia to measure vagal activity, and the efficiency of homeostatic control was quantified for each infant by the slope (SRSA) and correlation coefficient (RRSA) of the regression line relating fluctuations in heart period and fluctuations in RSA. To test their hypothesis, they examined the relationship between RSA and both SRSA and RRSA in low-risk fetuses. They found that the fetuses who were parasympathetic-dominated had larger SRSA and RRSA values and were more efficient regulators of homeostasis than those who were sympathetic-dominated.
Vagal stimulation for preterm infants
Vagal stimulation may promote growth and development in infants, and stimulation like kangaroo care and massage therapy may be non-invasive methods for increasing baseline vagal activity in infants. For example, a recent study on kangaroo care accelerated the maturation of vagal activity (Feldman & Eidelman, 2003) . In this study, mother-infant skin-to-skin (kangaroo care) effects on autonomic functioning, state regulation and neurobehavior status were examined in preterm infants who received kangaroo care over a period of 24 days. Baseline vagal activity was calculated from 10 min of heart rate before the kangaroo care started and again at 37 weeks gestational age. Infants receiving the kangaroo care showed more rapid maturation of vagal activity between 32 and 37 weeks gestational age, as well as more rapid state organization including longer periods of quiet sleep and alert wakefulness and shorter periods of active sleep. Performance on the habituation and orientation items of the Brazelton Neonatal Behavior Assessment Scale also suggested a more mature neurodevelomental profile.
Using a different form of skin contact, namely infant massage (tactile and kinesthetic stimulation), a group in Korea measured responses to the stimulation including baseline vagal activity, heart rate, and oxygen saturation (Lee, 2005) . Preterm infants were randomly assigned to receive massage twice daily for 10 days or to a standard treatment control group. Vagal activity was significantly higher after massage than before massage in the experimental group, while no change occurred in the control group. The treatment group also spent significantly more time being awake and active. Thus, baseline vagal activity was associated with greater attentiveness and more organized behavior. In many studies on massage therapy with preterm infants, significant weight gain has been reported (see Field, Diego, & Hernandez-Reif, 2007 for a review). In these studies, the massaged preterm neonates did not consume more calories than the control neonates, nor did they conserve more calories by being more restful. After ruling out these potential underlying mechanisms, we explored the possibility that increased vagal activity following massage therapy would lead to increased gastric motility and, thereby, contribute to weight gain . In this study, vagal activity was assessed along with gastric motility in response to massage therapy (a moderate pressure massage group) versus sham massage (a light pressure massage group) and a control group across a 5-day period. Preterm neonates receiving the moderate pressure massage therapy exhibited greater weight gain (see Table 1 ). Increased vagal tone and increased gastric motility were consistently noted for those infants during and immediately after the treatment sessions (see Figs. 1 and 2 ). Vagal tone and gastric motility during massage therapy were significantly related to weight gain.
Thus, the weight gain experienced by preterm neonates in the many previous studies reviewed by Field et al. (2006) may have been mediated by increased vagal activity and, in turn, gastric motility. Along with enhanced gastric motility, one might expect that increased vagal activity would also lead to increased release of food absorption hormones, which would also contribute to weight gain. Vagal stimulation has been shown to release food absorption hormones (i.e. insulin) and digestive hormones (i.e. gastrin) (Chang et al., 2003; Rozman, Bunc, & Zorko, 2004) . Further, tactile stimulation promotes the release of both food absorption (insulin) and digestive hormones (Marchini, Lagercrantz, Feuerberg, Winberg, & Uvnas-Moberg, 1987; Uvnas-Moberg, 2004 ).
Infant affect and early interactions
Although emotional expressions have been linked to autonomic activity in the theories of many renown scientists dating back to Charles Darwin (1872 ), Williams James (1884 ), and Walter Cannon (1932 , autonomic activity has only been measured alongside of facial expressions in the last few decades (Ekman, Levenson, & Friesen, 1983; Fox, 1989; Porges, 1991) . In studies in the 1980s, for example, newborns who were more expressive were also noted to have greater heart rate variability (Field, 1982) , and 3-month-old infants with greater heart rate variability showed more interest expressions (Fox & Gelles, 1984) . Older 5-month-old infants with greater vagal activity showed more interest and joy expressions, while infants with lower vagal tone showed more looking-away behavior (Stifter, Fox, & Porges, 1989) .
Vagal activity has also been measured in the context of mother-infant face-to-face interactions. In a study we conducted, infant facial expressions were coded using the AFFEX facial expression coding system, and the infants' EKG was recorded during their interactions with their mothers at 3 months of age . Vagal activity was correlated with infants' joy and interest expressions and with self-comfort behaviors (see Table 2 ). The low vagal activity in infants of depressed mothers, in contrast, was associated with sad and angry facial expressions. In a similar study by our group, higher vagal activity was associated with more vocalizing (positive vocalizations such as cooing and babbling) .
In another study, positive relations were noted between infants' baseline vagal activity and symmetrical features of interactions in mother-infant dyads (Porter, 2003) . In the Porter study, EKG was collected from the infants followed by a 15-min mother-infant face-to-face interaction. The interactions were videotaped and then coded for symmetrical Fig. 1 . Mean sympathetic and parasympathetic activity 15 min before, during, and after treatment (error bars denote ± 2 standard errors). Groupby-time interaction statistics for each measure are presented under each line plot . Table 2 Correlations between vagal tone of infants of depressed and non-depressed mothers and the proportion of interaction time that facial expressions occurred (interobserver reliability coefficients in parentheses) patterns and disruptive patterns of coregulation. In another study, newborn vagal activity was predictive of 3-month-old mother-infant interaction synchrony (Feldman, 2006) . In this study, newborns (both preterm and full-term newborns) were tested on infant orientation using the Brazelton Neonatal Behavior Assessment Scale and for sleep-wake cyclicity and vagal activity. At 3 months, mother-infant synchrony was assessed from microanalyses of the videotapes and timeseries analyses of the face-to-face interaction behaviors. Results suggested that sleep-wake cyclicity, vagal activity, orientation and arousal modulation at the newborn period were each uniquely predictive of mother-infant synchrony. In this sense vagal activity was one of many predictor variables. Perturbations of mother-infant interactions such as the mother posing a still-face have been noted to affect vagal activity. In a study on still-face interactions between 3-month-old infants and their mothers, the infants' affective states and vagal activity were recorded (Moore & Calkins, 2004) . The authors assessed the synchrony and the matching of mothers' and infants' affective states and monitored infant heart rate and vagal activity. The infants showed increased negative affect during the still-face which was accompanied by decreased vagal activity.
Infant temperament
Vagal activity has also been related to infant temperament. Temperament may be thought of as the stable affective state of an infant. In one of our early studies, we examined newborns' threshold to tactile stimulation (pinprick), their responses to modeled facial expressions (happy, sad and surprised) and how accurate the models' expressions could be guessed based on their "imitative expressions" (experimenter standing behind model and looking at infant's face) (Field, 1982) . In addition, we measured habituation to the modeled faces and vagal activity. We noted that infants who we called externalizers (infants who had extremely expressive facial expressions) had greater heart rate variability as early as the newborn period In contrast, those infants who we called internalizers (infants who showed flat affect) had Table 3 Means for high-and low-expressivity newborns (Field, 1982) low heart rate variability (see Table 3 ). In this sense, vagal activity might be considered a stable physiological state just as expressivity is considered a stable affective state. The relations that have been noted between vagal activity and early infant temperament, are perhaps not surprising inasmuch as continuity and stability have been noted for both temperament and vagal activity across time. In a prospective longitudinal study, vagal activity was measured at 2 months and at 5 years in children and their mothers (Bornstein & Suess, 2000b) . The authors reported that the baseline-to-task change in vagal activity was continuous in both the children and mothers. The children were also noted to reach adult levels of vagal activity by 5 years and did not differ from their mothers in baseline-to-task change in vagal activity. Baseline vagal activity tended to be stable, but baseline to-task-change in vagal activity was unstable in the children, while both were stable in the mothers. In a similar longitudinal study, but on high-risk infants (low birthweight), vagal activity maturation was correlated with social competence as measured by the child behavior checklist (Doussard-Roosevelt et al., 2001) . In contrast, neonatal risk measures (low birthweight, low socioeconomic status and high medical risk) were not correlated with any of the school-age measures.
Low baseline vagal tone in infants of prenatally depressed, anxious and angry mothers
Low vagal activity has been reported for depressed mothers and their infants as early as the neonatal stage (Field et al., 2004; Jones, Field, Fox, Lundy, & Hart, 1998) . In the Jones et al. (1998) study, the newborns of depressed mothers had both low vagal activity and greater relative right frontal EEG activation (a marker for negative affect and consistently noted in depressed adults). In the Field et al. (2004) study, the depressed mothers had lower vagal tone than non-depressed mothers, and greater relative right frontal EEG activation (see Table 4 ). Their newborns similarly Table 4 Means for neonatal sleep activity and mothers' and newborns' EEG and vagal tone (Field et al., 2004) T. Field, M. Diego / Infant Behavior & Development xxx (2008) xxx-xxx 7 Table 5 Means for orientation and responses to modeled facial expressions by newborns of depressed and non-depressed mothers (Lundy et al., 1996) had lower vagal tone as well as greater relative right frontal EEG activation. The mimicry of the mothers' vagal tone and EEG by these newborns of depressed mothers may have related to their similar biochemical profiles. The mothers' prenatal cortisol levels were elevated, and their dopamine and serotonin levels were lower than those of non-depressed mothers. Similarly, the newborns' cortisol levels were elevated, and their dopamine and serotonin levels were lower than those of the newborns of non-depressed mothers. In the same studies, lower vagal activity was significantly correlated with elevated cortisol and lower levels of serotonin and dopamine. In this case, infant vagal activity was a marker variable for the risk conditions of prenatal depression, an outcome variable predicted by maternal vagal activity and a correlate of the biochemical variables including cortisol, serotonin and dopamine. The lower vagal activity of these newborns may also explain their lesser expressivity, inasmuch as the vagus nerve innervates the facial nerve, which then innervates the face (Porges, 2001) . In this case, vagal activity might be seen as causal or an underlying mechanism for expressivity. In a study on facial expressions of newborns of depressed mothers, we recorded their faces during the Brazelton Neonatal Behavior Assessment Scale and during the modeling of happy, sad, and surprised faces (Lundy, Field, & Pickens, 1996 ) (see Fig. 3 ). The newborns of depressed mothers demonstrated inferior performance on the orientation cluster of the Brazelton scale (less attentiveness) and showed fewer interest and more pre-cry expressions during the Brazelton. During the facial expression modeling, they showed less orientation and fewer facial expressions in response to the modeled happy and surprised facial expressions (see Table 5 ).
Porges (2001) has described activity of the "smart vagus" as a social engagement system that controls looking (somatomotor components of the ventral vagal complex, in this case cranial nerve XI), listening (cranial nerve VII), vocalizing (cranial nerves IX, X), and facial expressions (cranial nerve VII). Low vagal activity, then, may be accompanied by flat facial affect and vocalizations lacking intonation contour, as in depressed behavior.The neonatal predisposition to lower baseline vagal activity may continue, inasmuch as we have noted that vagal activity was lower in both 3-and 6-month-old infants of depressed mothers, and, although a significant increase in baseline vagal activity occurred from 3 to 6 months for the infants of non-depressed mothers, that increase did not occur for infants of depressed mothers (Field, Pickens, Fox, Nawrocki, & Gonzalez, 1995 ) (see Table 6 ). In this study, higher vagal activity was associated with more vocalizing (positive vocalizations such as cooing and babbling). These data plus the Table 6 Means for vagal tone across early infancy in infants of depressed and non-depressed mothers (and mothers in parentheses)
Infants

Depressed
Non-depressed Neonatal stage (Field et al., 2004) 4.20 (3.70) 4.73 * (4.12) ** 3 months (Field et al., 1995a,b) 2.90 3.43 ** 6 months (Field et al., 1995a,b) 2 Field, M. Diego / Infant Behavior & Development xxx (2008) xxx-xxx Fig. 3 . Sample photographs of model's happy, sad, and surprised expressions and infant's corresponding expressions (Field, 1982) .
data described earlier showing that 3-month-old infants of depressed mothers had significantly more sad and angry expressions and fewer interest expressions than infants of non-depressed mothers , suggest that maternal depression affects infants' emotional expressions as well as their vagal activity. Lower vagal activity has also been noted for mothers who have high prenatal anxiety levels and those who are experiencing prenatal anger. In a study on prenatal anxiety effects, women were classified as experiencing high or low anxiety during the second trimester of pregnancy (Field et al., 2003) . The high anxiety women (based on a median split) also had high scores on depression and anger scales and lower postnatal vagal activity as well as greater relative right frontal EEG activity and elevated prenatal norepinephrine and low dopamine levels during the prenatal period. Subsequently, their newborns had lower vagal activity as well as lower dopamine and serotonin levels, and greater relative right frontal EEG activation, thus mimicking their mothers' biochemical and physiological profiles (see Table 7 ). Similarly, in a median split of the sample by high and low anger, the high anger mothers had low vagal T. Field, M. Diego / Infant Behavior & Development xxx (2008) xxx-xxx 9 Table 7 Means for physiological variables in low and high anxiety groups (Field et al., 2003) tone and high prenatal cortisol and epinephrine as well as low dopamine and serotonin levels, which were, in turn, mimicked by their neonates ) (see Table 8 ).
Physiological and biochemical reactivity
As Porges (2001) has noted, vagal activity interacts with stress reactivity systems including the hypothalamicpituitary-adrenal axis and the immune system. These interacting systems may underly those chemical, electrophysiological, expressivity and interaction differences noted in, for example, the depressed mothers and their infants. Physiological/biochemical reactivity, as in the greater relative right frontal EEG patterns and the high norepinephrine and cortisol levels noted in the depressed mothers and infants, would be exemplary of these interacting systems. Others have noted correlations between increased cortisol and decreased vagal activity (Cacioppo et al., 1995; Gunnar, Porter, Wolf, Rigatuso, & Larson, 1995) .
The "vagal brake" and individual differences
The concept of the "vagal brake" (i.e. decreasing vagal activity) has also been introduced by Porges as a potential mechanism underlying the individual differences in vagal reactivity and in response to social/attention tasks (Porges, Doussard-Roosevelt, Portales, & Greenspan, 1996) . In this model, which at first glance would appear to be inconsistent with the baseline vagal activity model, infants who have difficulty regulating the vagal brake or decreasing cardiac vagal tone during social/attention tasks are thought to have difficulty developing strategies for reciprocally engaging and disengaging during social interactions. These investigators have, in fact, documented individual differences in vagal reactivity. For example, in the Porges et al. (1996) study, infants who had difficulties decreasing vagal tone during a social attention task at 9 months of age had significantly more behavior problems at 3 years of age (Porges et al., 1996) . Baseline vagal tone at 9 months was also related to less difficult 3-year behavior (Porges, Doussard-Roosevelt, Portales, & Suess, 1994) . This phenomenon has been reported even in younger 3-month-old infants (Huffman et al., 1998) . In the Huffman et al. study, vagal tone was measured during a resting baseline period and during a laboratory assessment of temperament. Infants with higher baseline vagal tone were rated as showing less negative behavior in the laboratory and were less disrupted by the temperament procedure. Infants who had decreased vagal tone during the temperament assessment were rated on maternal report temperament scales as having longer attention spans and being more easily soothed. Thus, higher baseline vagal tone and lower reactivity vagal tone appear to predict optimal development. Table 8 Means for physiological variables in low and high anger groups In another study, the still-face paradigm was used with 5-month-old infants who were assessed during the "interaction challenge" (Bazhenova, Plonskaia, & Porges, 2001) . When the infants were divided into two groups based on their vagal activity response to the still-face, those infants who showed a decrease in vagal activity to the still-face followed by an increase in vagal activity during the subsequent normal interaction showed organized behavior. The authors suggested that their findings provided additional support for the relationship between vagal activity and affective behavior. High vagal tone would appear to be optimal in calm interactions and low vagal tone in stressful interactions that elicit vigilant behavior.
The "vagal brake" has been referred to as suppression of respiratory sinus arrhythmia (RSA) by others (Calkins & Keane, 2004) In their study, 2-year-old children were assessed for the effects of emotional and behavioral challenges on their cardiac activity, and then a number of these children were seen again at 4.5 years of age. The ability to decrease vagal activity (suppress RSA), across the challenging tasks showed cross-age stability, although the magnitude of vagal suppression significantly decreased across age (Calkins & Keane, 2004) . The children who displayed a pattern of stable and high suppression across the preschool period appeared to be less emotionally negative and had fewer behavior problems and better social skills than the other children, as measured by parent-report. This stability appears to start at an early age, as was noted in another study from another lab (Stifter & Jain, 1996) . In their study, although no stability was found from 5 to 10 months, some stability of behavior and autonomic patterning was identified from 10 to 18 months. Infants who had higher vagal activity responded negatively to frustration but also displayed more regulatory behavior.
Decreased vagal activity also appears to occur during information processing or habituation tasks. In a study on habituation, vagal activity suppression was measured at baseline and during an habituation task (Bornstein & Suess, 2000a . Those who habituated had a greater decrease in vagal activity suppression during habituation. A regression on vagal activity predicted total looking time. Thus, the authors concluded that the self-regulation provided by the vagal system appeared to play a role in information processing as well as in habituation. In another paper, these authors reported that the baseline to habituation task change in vagal activity showed stability and consistent child-mother concordance across the first 5 years of development (Bornstein & Suess, 2000b .
Therapies for increasing baseline vagal activity
The low vagal tone we have consistently noted in depressed individuals (infants, adolescents and mothers) may be effectively treated by therapies that enhance vagal activity such as massage therapy (see Field et al., 2006 for a review). As noted earlier, increased vagal activity has occurred following massage therapy Lee, 2005) . Vagal stimulation has been similarly used with depressed adults (George et al., 2000) .
Children with autism also benefit from massage therapy (Escalona, Field, Singer-Strunck, Cullen, & Hartshorn, 2001; Field et al., 1997) . Autism is another condition marked by low vagal activity and associated gaze aversion and flat facial expressions. In these ways, infants of depressed mothers may be similar to children with autism. They may also share difficulties with speech perception. Infants of depressed mothers show less recognition of their mothers' voices (Hernandez-Reif, Field, Diego, & Largie, 2002) . Porges (2001) has referred to children with autism being unable to extract the high frequency sounds of the human voice from the background low frequency sounds. The similarly low vagal tone and expressivity in these two groups of children may be similarly treated by therapies that increase their expressivity such as imitation therapy (Field, Field, Sanders, & Nadel, 2001 ) and increase their vagal activity such as massage therapy (Escalona et al., 2001; Field et al., 1997) .
Summary and suggestions for future research
This body of research, then, suggests the importance of vagal activity for both infant growth and infant social and emotional development. Vagal activity has been shown to increase following stimulation of pressure receptors and, in turn, to stimulate gastric activity and to mediate growth (see Field et al., 2007 for a review). Vagal activity has also been elevated in synchronous mother-infant interactions and has accompanied more positive affect, providing confirmatory data for the Porges (2001) social engagement system model. Data on prenatally depressed mothers (and prenatally angry and anxious mothers) and their infants (Field et al., 2003) as well as data on children with autism (Porges, 2001) are examples of low expressive vagal tone. The "vagal brake" or decreased vagal activity in response to social or cognitive tasks (Porges et al., 1996) has also been empirically supported. These studies highlight the relations between baseline vagal activity and social behaviors of attentiveness, facial expressions and vocalizations and, in general, the social engagement system that has been described by Porges (2001) .
Some shortcomings of the literature on infant vagal activity are that: (1) vagal activity is often used as a "pet variable" or a primary mediating or outcome variable. But in studies using multiple variables, it is found to be, instead, one of many mediating variables; (2) a related issue is that vagal activity is often implied to be a causal variable, e.g. low vagal tone explaining low expressivity in infants of depressed mothers and children with autism, even though the data are based on correlations. And, again, another variable, for example, depleted serotonin may be a critical mediating variable; (3) vagal brake theory suggesting that low vagal activity is optimal during attention tasks seems inconsistent with high baseline vagal activity being optimal for cognitive development. Some inconsistencies in the data across infant labs may relate to that incongruity; and (4) like any other phenomenon, and as in an inverted U function, a moderate amount of vagal activity may be, in fact, the optimal level, and high as well as low amounts non-optimal levels.
Many of the individual differences in the literature have been partially attributed to baseline vagal activity and/or vagal brake (decreasing vagal activity) differences. However, much of the variance has been left unexplained. In a review of this literature, Beauchaine (2001) has argued that the Porges polyvagal model could be combined with motivational theory, which contrasts activation with inhibition to explain the wide individual differences and the differences across psychological disorders. Gray's model has been empirically tested not only by behavior but also by EEG patterns, and a large literature has evolved on greater relative right frontal versus greater relative left frontal EEG activation (Fox, 1989; Davidson, 1992) including our work on depressed mothers and infants who are noted to have greater relative right frontal EEG activation (Field et al., 2003) . We have argued elsewhere for a profile model that combines these approach/withdrawal behaviors, right/left frontal EEG activation, vagal tone and biochemistry (cortisol, catecholamines and serotonin) .
As was noted in our multivariable study on newborns of depressed mothers (Field et al., 2004) , the neonates not only had lower vagal activity but also greater relative right frontal EEG activation, higher cortisol and lower dopamine and serotonin levels. Multivariable-profile analysis studies might more accurately classify individuals and their developmental courses than one variable alone such as vagal activity. Combining these measures in studies on infants as well as studies on disorders, such as depression and autism, would not only help us further understand infant development and individual disorders, but it might also help elucidate the interactions of these complex systems, as in a polysystems theory.
